Introduction
============

Embryo implantation, decidualization and placentation are crucial steps in a successful establishment of mammalian pregnancy ([@b1-mmr-16-04-3887]). Human embryo implantation involves a complicated network of molecular signaling modulated by endocrine and paracrine pathways ([@b2-mmr-16-04-3887]). The trophoblast cell, a special type of epithelial cell, at the maternal-fetal interface is of high proliferation and invasion ability and is vital to embryo implantation and placenta formation ([@b3-mmr-16-04-3887],[@b4-mmr-16-04-3887]). During early human pregnancy, extravillous trophoblast cells (EVTs) from the placenta invade uterine decidual spiral arterioles and mediate the vascular remodeling ([@b5-mmr-16-04-3887]). As a result, the placenta is supplied with more blood due to low blood pressure and high blood flow, all of which is essential to facilitate the normal growth and development of the fetus ([@b6-mmr-16-04-3887]). Failure of invasion of the uterine wall may result in clinical pregnancy complications, including pre-eclampsia, fetal growth restriction and spontaneous abortion, while excess invasion may lead to gestational trophoblastic disease ([@b7-mmr-16-04-3887]).

Embryo implantation and placentation are dynamic cellular events that require synchrony between the maternal environment and the embryo, in addition to complicated cell-cell communication between the implanting blastocyst and the receptive endometrium ([@b8-mmr-16-04-3887]). A multitude of factors including endocrine regulators, oxygen concentration and immune cells contribute to the regulation of EVT function ([@b8-mmr-16-04-3887]--[@b10-mmr-16-04-3887]). Although EVTs possess a strong ability for invasion, they rarely exhibit infinite proliferation and distant metastasis. This indicates that adhesion and invasion of trophoblasts maintains dynamic balance due to regulation of cytokines directly or indirectly.

Interleukins are a series of bioactive molecules that regulate numerous important biological functions, including delivering messages between cells, activating the immune system, mediating the activation, proliferation and differentiation of T/B cells, regulating non-specific immune response and mediating inflammation. Interleukin-33 (IL-33) is a novel member of the IL-1 superfamily of cytokines (expressed predominantly by stromal cells) ([@b11-mmr-16-04-3887],[@b12-mmr-16-04-3887]) and is associated with numerous diseases, including systemic sclerosis, inflammatory bowel disease, rheumatoid arthritis and systemic lupus erythematosus. Furthermore, IL-33 regulates the expression of adhesion molecules and promotes migration of cancer cells ([@b13-mmr-16-04-3887]--[@b20-mmr-16-04-3887]).

A previous study demonstrated that IL-33 and its receptor ST2 have been verified to be expressed in decidual tissue during the first trimester of pregnancy ([@b21-mmr-16-04-3887]). In addition, IL-33 is reported to promote the proliferation and invasion of decidual stromal cells by upregulating CCL2/CCR2 via the signaling pathway of nuclear factor κB and extracellular signal-related kinase (ERK) 1/2 ([@b21-mmr-16-04-3887]). IL-33 secreted by macrophages at the maternal-fetal interface has been identified to activate trophoblast cells via protein kinase B (AKT) and ERK1/2 signaling pathways, promote the proliferation of trophoblast cells and serve an essential role in formation of placenta ([@b22-mmr-16-04-3887]). However, the effect of IL-33 on the biological function of trophoblasts, such as adhesion and invasion, remains to be investigated. The aim of the present study was to investigate the effect of IL-33 on the adhesion and invasion of trophoblasts, and to explore the underlying mechanisms.

Materials and methods
=====================

### Tissue collection

Human villous tissues were obtained from 10 healthy women during early pregnancy (age, 28.12±5.48 years; gestational age at sampling, 52.37±5.01 days, mean ± standard deviation), whereby the pregnancy was terminated for non-medical reasons. All normal pregnancies were confirmed by ultrasound and blood test. Exclusion criteria included endocrine, anatomical and genetic reasons, infection and smoking. All procedures involving participants in the present study were approved by the Human Research Ethics Committee of Obstetrics and Gynecology Hospital, Fudan University (Shanghai, China), and all subjects provided informed consent to collect tissue samples.

### Cell line and reagents

All cell lines are come from Laboratory for Reproductive Immunology, Hospital of Obstetrics and Gynecology, Fudan University Shanghai Medical College. The human trophoblast cell line HTR8/SVneo and the human choriocarcinoma cell line JEG3 were cultured in DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), the human choriocarcinoma cell line JAR was cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.), and BeWo was cultured in Ham\'s F-12 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) in a humidified incubator at 37°C and 5% CO~2~.

### Immunohistochemistry

The villous tissues were incubated 4% paraformaldehyde overnight at room temperature and embedded in paraffin. Paraffin-embedded villi specimens (thickness, 5 µm) were dewaxed in xylene, rehydrated in graded ethanol were incubated with hydrogen peroxide and 1% bovine serum albumin (BSA; 0332; Amresco, Solon, OH, USA)/TBS. Thereafter, the samples were incubated with rabbit anti-human IL-33 antibody (1 µg/ml; cat. no. HPA02442; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), rabbit anti-human ST2 antibody (10 µg/ml; cat. no. PRS3363; Sigma-Aldrich; Merck Millipore) or rabbit IgG isotype (1:2,000; cat. no. GTX35035; GeneTex, Inc., Irvine, CA, USA) overnight at 4°C in a humidified chamber. Following washing three times with TBS, the sections were overlaid with peroxidase-conjugated goat anti-rabbit IgG (Golden Bridge International, Inc., Bejing, China); the reaction was developed with DAB and counterstained with hematoxylin. The experiments were repeated ten times. All images were captured by Olympus D70 light microscopy (Olympus Corporation, Tokyo, Japan).

### Flow cytometry (FCM) assay

HTR8/SVneo, JEG3, JAR and BeWo cells were treated with trypsin and transferred into plastic tubes after cultured at a density of 2×10^5^ cells/well in 6-well microplates for 48 h. Cells were fixed in 4% paraformaldehyde for 20 min at room temperature, washed in PBS and permeabilized for 20 min in 0.1% Triton X-100-PBS. They were then washed and suspended in PBS, incubated with ST2-allophycocyanin-labeled antibodies (R&D Systems, Inc., Minneapolis, MN, USA) for 30 min at room temperature. Next, cells were washed and suspended in PBS, and immediately analyzed by four-color FCM using CellQuest Pro software, version 5.1 (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA) with an isotypic control (BioLegend, San Diego, CA, USA).

JEG3 cells were cultured at a density of 2×10^5^ cells/well in 6-well microplates, and treated with recombinant human (rh)IL-33 (at 0 and 1 ng/ml) for 48 h, then the expression of integrin α3β1, integrin α4β1, integrin α5β1, integrin α6β1 and integrin ανβ3 (R&D Systems, Inc.), CD44, CD62L and E-cadherin (BioLegend, Inc., San Diego, CA, USA) on JEG3 cells was evaluated by FCM.

### Cell adhesion assay

Cell adhesion to the extracellular matrix (ECM) was analyzed using a cell adhesion assay kit (CBA-070; CytoSelect 48-well Cell Adhesion Assay; Cell Biolabs, Inc., San Diego, CA, USA). JEG3 cells were cultured at a density of 2×10^5^ cells/well in 6-well microplates, treated with rhIL-33 (1 or 100 ng/ml) for 48 h, then treated with EDTA-free trypsin (SV30037.01; HyClone; GE Healthcare Life Sciences). Subsequently, a cell suspension in serum free media at the concentration of 5×10^5^ cells/ml was prepared. A total of 150 µl of the cell suspension was added to the inside of each well (BSA-coated wells were provided as a negative control). The wells were incubated for 60 min in a cell culture incubator (37°C, 5% CO~2~ atmosphere). The media was carefully discarded from each well and each well was gently washed 5 times with 250 µl PBS. PBS was aspirated from each well and 200 µl of Cell Stain Solution (included in cell adhesion assay kit) was added. This was incubated for 10 min at room temperature. The Cell Stain Solution was discarded from the wells and each well was gently washed 5 times with 500 µl deionized water. The final wash was discarded and the wells were left to air dry. A total of 200 µl Extraction Solution/well was added, and then incubated 10 min on an orbital shaker. Each extracted sample had 150 µl added to a 96-well microtiter plate and the OD (570 nm) was measured using a microplate reader.

### Matrigel invasion assays

The invasion of JEG3 cells through Matrigel was evaluated objectively by counting the number of the cells that have transferred through the membrane in invasion chamber. The upper surface of the filter (8 µm pore size, 6.5 mm diameter, PET membrane; Corning Life Sciences, Corning, NY, USA) in Transwell plates (24-well plate, Corning, NY, USA) was pre-coated with 15 ml Matrigel (BD Biosciences), and the filter was air-dried under sterile conditions. Prior to use, the Matrigel was rehydrated with 100 µl warm DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc.) for 2 h. JEG3 cells (1×10^5^) in 100 µl serum free DMEM/F12 were seeded to the upper part of the chamber. A total volume of 600 µl DMEM/F12 with 10% FBS was added to the lower chamber. RhIL-33 (at 1 or 100 ng/ml) was added into lower chamber, and the cells were allowed to invade and held for 48 h in 5% CO~2~ at 37°C. Thereafter, the cells attached to the upper surface of the filter were removed by scrubbing with a cotton swab, and the cells remaining on the lower surface were fixed in methanol for 15 min at room temperature and stained with hematoxylin for 10 sec at room temperature. For quantification, the cells that had migrated to the lower surface were counted under a light microscope in five random fields at a magnification of ×100 using the Olympus BX51 + DP70 microscopes with Adobe Photoshop CS4, version 11.0 (Adobe, San Jose, CA, USA). The results were expressed as a percentage of the controls (RhIL-33 at 0 ng/ml). Each experiment was carried out in triplicate on three replicates.

### Statistical analysis

All values are presented as mean ± standard. Statistical comparisons were evaluated by unpaired two-sided t-tests or one-way analysis of variance using GraphPad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). The post-hoc Dunnett test was used to compare significance levels between controls and various treatments. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### IL-33/ST2 is co-expressed in trophoblasts

To explore the expression of IL-33 and its receptor ST2 at the maternal-fetal interface, immunohistochemistry was performed with paraffin-embedded human first-trimester villi tissues. As presented in [Fig. 1](#f1-mmr-16-04-3887){ref-type="fig"}, IL-33 and ST2 were co-expressed in trophoblasts of villi tissues. IL-33 was primarily expressed in the cytoplasm of trophoblast cells, whereas ST2 localized to the cell cytoplasm and membrane of trophoblast cells. These results indicated that IL-33/ST2 likely serves an important role in the formation and function of placenta, and IL-33 may regulate the biological function of trophoblast cells in an autocrine-dependent manner.

### Trophoblast cell lines express ST2

The expression of ST2 in cell lines of JEG3, JAR, BeWo and HTR8 cells was detected by FCM assay. As demonstrated in [Fig. 2](#f2-mmr-16-04-3887){ref-type="fig"}, the highest expression of ST2 was observed in the BeWo cell line, with the lowest detected in HTR8 cell (P\<0.01 or P\<0.001). According to a previous study, JEG3 spheroids presented the highest incidence of attachment and the greatest amount of invasion into the underlying endometrial stroma. Therefore, the JEG3 cell line was selected in subsequent trials.

### IL-33 limits the adhesion to ECM and invasion of JEG3 cells

To investigate the effect of IL-33 on the adhesion and invasion of trophoblast cells, a matrix adhesion assay was performed to test the adhesion of JEG3 cell following treatment with rhIL-33 for 48 h. As indicated in [Fig. 3](#f3-mmr-16-04-3887){ref-type="fig"}, 1 and 100 ng/ml rhIL-33 stimulation led to a significant reduction in adhesion ability of JEG3 cells to fibronectin, laminin I, collagen IV and fibrinogen ([Fig. 3](#f3-mmr-16-04-3887){ref-type="fig"}; P\<0.01 or P\<0.001). However, treatment with IL-33 had no influence on adhesion to collagen I ([Fig. 3](#f3-mmr-16-04-3887){ref-type="fig"}; P\>0.05).

In addition, the invasiveness of JEG3 cells with or without rhIL-33 was evaluated by a Matrigel invasion assay. rhIL-33 significantly restricted JEG3 cell invasion, especially at the concentration with 100 ng/ml ([Fig. 4](#f4-mmr-16-04-3887){ref-type="fig"}; P\<0.001). These results suggested that IL-33 regulated trophoblast implantation at the maternal-fetal interface by limiting adhesion and invasion, thus maybe involved in regulating the formation of placenta and maintenance of normal pregnancy.

### IL-33 reduces the expression of integrin α4β1 and CD62L on JEG3 cells

To further explore the molecular mechanism of IL-33 on trophoblast adhesion and invasion, the expression of adhesion and invasion-associated molecules was evaluated in the JEG3 cell line stimulated with or without rhIL-33 by FCM, including integrins, E-cadherin, CD62L and CD44. Almost 100% of JEG3 cells expressed integrin α3β1, integrin α5β1, integrin α6β1 and E-cadherin ([Fig. 5](#f5-mmr-16-04-3887){ref-type="fig"}). CD44 and integrin αvβ3 were nearly unexpressed in JEG3 cells. Among these, the expression of integrin α4β1 and CD62L became significantly inhibited by rhIL-33, implying that IL-33 might decrease the adhesion and invasion of trophoblasts through downregulating integrin α4β1 and CD62L.

Conclusively, IL-33 and its receptor ST2 are expressed in trophoblast cells, which may participate in regulating the biological function of trophoblast cells. The results, using the JEG3 cell line (a trophoblast cell line with high adhesion and invasion ability), indicates the presence of rhIL-33 results in a decrease of trophoblast adhesion and invasion. The possible underlying mechanism is that IL-33 reduces the expression of adhesion and invasion-associated molecules such as integrin α4β1 and CD62L. By clarifying the function of IL-33 in trophoblast cells, the present study may provide an insight into the rational design of strategy to cure the pregnancy-associated diseases, such as recurrent spontaneous abortion and pregnancy trophoblast diseases.

Discussion
==========

Pregnancy is a natural physiological process whereby the mother usually does not reject the semi-allogeneic fetus carrying paternal antigens, allowing it to absorb nutrients for growth and development in the uterus, all of which depend on the unique immune tolerance microenvironment around the maternal-fetal interface where nutrient exchange with the mother occurs through the placenta. Subsequent differentiation, development, maturation and delivery of the fetus rely on the accurate molecular regulation of biological functions at the maternal-fetal interface. Immunocompetent cells of the decidua can develop immune tolerance regulated by hormones or cytokines at the maternal-fetal interface ([@b23-mmr-16-04-3887],[@b24-mmr-16-04-3887]). Immunosuppressed states based on maternal T-helper (Th)2 immunity, which is mediated by various cytokines and chemotactic factors, are crucial to the maintenance of pregnancy. Th1/Th2 immunity disorders frequently result in spontaneous abortion in the early phase, and premature birth in the later period, in addition to an increase in the risk of pregnancy complications ([@b25-mmr-16-04-3887]).

IL-33 is an important regulatory factor in Th1/Th2 immunity primarily through binding to its cognate receptor ST2 to induce cells to secrete Th2-type cytokines, such as IL-4 and IL-10. Following induction of the Th2-type immunity, IL-33 contributes to the maternal immune tolerant to the fetus and benefiting pregnancy ([@b13-mmr-16-04-3887],[@b26-mmr-16-04-3887]). A previous study identified that IL-33 protein was expressed in primary early pregnancy decidual stromal cells in addition to in trophoblast cells ([@b21-mmr-16-04-3887]), which was consistent with the report by Fock *et al* ([@b22-mmr-16-04-3887]). The current study demonstrated that IL-33 from macrophages could activate AKT and the ERT1/2 signaling pathway, which facilitated the proliferation of trophoblast cells. In the present study, the location of IL-33 and its receptor ST2 were analyzed in first-trimester villi tissues. It was verified that IL-33 and additionally its specific receptor ST2 were expressed in trophoblasts. Therefore, it was hypothesized that IL-33 and ST2 served vital roles in the formation and maintenance of placenta during normal pregnancy.

Following this, the expression of ST2 was detected in four human trophoblast cell lines (JAR, BeWo, JEG3 and HTR8) with FCM analysis, identifying that the BeWo had the highest expression, and HTR8 the lowest. Furthermore, previous studies ([@b27-mmr-16-04-3887]--[@b29-mmr-16-04-3887]) indicated that each trophoblast cell possessed different abilities of adhesion and invasiveness. JEG3 presented the highest adhesion (52%) and invasion into the bottom stroma. The adhesive rate of BeWo cells was \~37%, and it could penetrate the epithelium, whereas these cells were not able to invade into the stroma. JAR had a lower degree of adhesion (12%) and exhibited minimal invasion into the stroma ([@b27-mmr-16-04-3887]). According to the adhesion and invasion characteristics of the cells mentioned above, the following investigation in the present study used the JEG3 cell line due to it possessing the strongest adhesion and invasiveness to the uterus, and the fact that it could express ST2.

IL-33 was identified to suppress the adhesion and invasion of JEG3 cells. Following the decidualization of the endometrium, stromal cells produce abundant fibronectin, laminin, collagen IV and heparan sulfate proteoglycans to form a special extracellular stromal microenviroment, which benefits the biological function of trophoblast cells ([@b30-mmr-16-04-3887],[@b31-mmr-16-04-3887]). The conducted adhesion assay demonstrated that, in the presence of exogenous rhIL-33, the adhesion of JEG3 cells to the ECM components, such as fibronectin, laminin I, collagen IV and fibrinogen was significantly repressed. Furthermore, following the addition of exogenous rhIL-33, JEG3 cell invasiveness measured by Transwell assay was reduced. These results indicated that IL-33 suppressed the invasion of trophoblast cells, suggesting that IL-33 might regulate the invasion degree of trophoblast cells into maternal decidua for avoiding excessive cell invasion.

Therefore, the authors suggest that, in the first trimester of pregnancy, the effect of IL-33 is multifaceted. In normal pregnancy, IL-33 expressed at the maternal-fetal interface not only regulates the function of decidual stromal cells, involved in the mechanism of maternal-fetal immune regulation, but also takes part in regulating the proliferation, invasion and adhesion of trophoblasts. IL-33 achieves this through collaborating with other cytokines at the maternal-fetal interface to maintain the balance and limit the excessive invasion of trophoblast cells.

Subsequently, the potential mechanisms might be IL-33 affecting cell adhesion and invasion-related molecules expressed in JEG3 cells. These data suggested that the trophoblast cell line JEG3 highly expressed integrin α3β1, integrin α5β1, integrin α6β1 and E-cadherin, and integrin α4β1 and CD62L were lowly expressed, while CD44 and integrin ανβ3 were nearly unexpressed. Following stimulation with exogenous rhIL-33, the expression of α4β1 and CD62L became notably decreased. A previous study indicated that the expression of trophoblast cell adhesion molecules (CAMs) was predominantly modulated by autocrine and paracrine factors, such as epidermal growth factors, insulin-like growth factors and transforming growth factors. In addition, inflammatory factors, such as TNF 2α, IL-21α and IL-21β may influence the expression of CAMs of trophoblast cells. Cytokines, such as interleukin (IL-1, 3, 4 and 8), tumor necrosis factor (TNF-α, β), interferon (IFN-γ) and inflammatory mediators (leukotriene, histamine and thrombin), in addition to cell growth, development, differentiation and metabolism state, may regulate the expression of CAMs ([@b32-mmr-16-04-3887]--[@b34-mmr-16-04-3887]). As IL-33 could inhibit cell adhesion and invasiveness, it appears that IL-33 decreases the adhesion and invasion of trophoblast cells possibly through downregulating the expression of integrin α4β1 and CD62L. However, the mechanism by which IL-33 affects integrin α4β1 and CD62L remains unclear. Therefore, a functional linkage between IL-33 and CAMs may be involved in invasion by trophoblast cells.

In summary, IL-33 is a pro-inflammatory cytokine, involved in immune and inflammatory reaction, in addition to regulating biological functions of many cell types. According to the present study, IL-33 may regulate the adhesion and invasion of trophoblast cells by regulating the expression of the surface adhesion molecules. Regulation of these factors maintain the embryo implantation, placental formation and placenta function during pregnancy, and also accompany additional molecules to control the extent of invasion, in order to guarantee the normal function of the placenta, and act against pregnancy-associated diseases.
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![IL-33/ST2 is co-expressed in trophoblasts. Immunohistochemical analysis (n=10) for IL-33 and ST2 expression in villi tissues from healthy women at the first-trimester of a normal pregnancy. Magnification, ×200 or ×400. IL-33, interleukin 33; ST2, IL-1 receptor-like 1.](MMR-16-04-3887-g00){#f1-mmr-16-04-3887}

![Trophoblast cell lines express ST2. Expression of ST2 in JEG3, JAR, BeWo and HTR8 cells was determined by flow cytometry. The data are expressed as the mean ± standard error of the mean. \*\*P\<0.01 and \*\*\*P\<0.01 vs. HTR8 group. ST2, interleukin 1 receptor-like 1; NS, no statistical significance.](MMR-16-04-3887-g01){#f2-mmr-16-04-3887}

![IL-33 limits the adhesion of JEG3 cells to extracellular matrix components. Following stimulation with 1 or 100 ng/ml rhIL-33 for 48 h, the adhesion of JEG3 cells to fibronectin, laminin I, collagen I, collagen IV and fibrinogen were analyzed by cell adhesion assay, with BSA as the control. The data are expressed as the mean ± standard error. \*\*P\<0.01 and \*\*\*P\<0.01 vs. control group. IL-33, interleukin 33; Ctrl, control; rhIL-33, recombinant human IL-33; BSA, bovine serum albumin.](MMR-16-04-3887-g02){#f3-mmr-16-04-3887}

![IL-33 inhibits invasiveness of JEG3 cells. (A and B) JEG3 cells were treated with rhIL-33 (1 or 100 ng/ml) for 48 h, with the vehicle as the negative control. The invasion of JEG3 cells was detected by Matrigel invasion assay. Magnification, ×100. The data are expressed as the mean ± standard error. \*\*\*P\<0.01 vs. control group. IL-33, interleukin 33; Ctrl, control; rhIL-33, recombinant human IL-33.](MMR-16-04-3887-g03){#f4-mmr-16-04-3887}

![IL-33 decreases the expression of integrin α4β1 and CD62L on JEG3 cells. Following stimulation with 1 ng/ml rhIL-33 for 48 h, the adhesion and invasion-related molecules (integrins, E-cadherin, CD62L and CD44) on JEG3 cells were analyzed by flow cytometry, with the vehicle as the negative control. (A) Quantification of flow cytometry data. (B) Scatter plots of flow cytometry data. The data are expressed as the mean ± standard error. \*\*\*P\<0.01 vs. control group. IL-33, interleukin 33; rhIL-33, recombinant human IL-33; Ctrl, control.](MMR-16-04-3887-g04){#f5-mmr-16-04-3887}
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